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Titanium matrix compositesAbstract (TiCp + TiBw)/Ti-6Al-4V titanium matrix composites (PTMCs) have broad application
prospects in the aviation and nuclear ﬁeld. However, it is a typical difﬁcult-to-cut material due to
high hardness of the reinforcements, high strength and low thermal conductivity of Ti-6Al-4V alloy
matrix. Grinding experiments with vitriﬁed CBN wheels were conducted to analyze comparatively
the grinding performance of PTMCs and Ti-6Al-4V alloy. Grinding force and force ratios, speciﬁc
grinding energy, grinding temperature, surface roughness, ground surface appearance were dis-
cussed. The results show that the normal grinding force and the force ratios of PTMCs are much
larger than that of Ti-6Al-4V alloy. Low depth of cut and high workpiece speed are generally ben-
eﬁcial to achieve the precision ground surface for PTMCs. The hard reinforcements of PTMCs are
mainly removed in the ductile mode during grinding. However, the removal phenomenon of the
reinforcements due to brittle fracture still exists, which contributes to the lower speciﬁc grinding
energy and grinding temperature of PTMCs than Ti-6Al-4V alloy.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
In recent years titanium matrix composites (TMCs) have
attracted much attention due to their excellent mechanicalproperties such as high speciﬁc strength and high temperature
durability in the aviation and nuclear ﬁelds.1 At the same time,
it is reported that discontinuous reinforced titanium matrix
composites, especially those prepared by in situ method have
generated a promising trend of potential development because
it could effectively reﬁne microstructure and promote mechan-
ical properties of titanium alloy.2 The reason is that strong
interface bonds could be formed between the hard reinforce-
ments and the alloy matrix by in situ method, which minimizes
the reinforcement pullout behavior.3 At present, TiC particles
and TiB whiskers synthesized by in situ reactions have been
Fig. 1 SEM microstructure of PTMCs in present investigation
(polished and etched).
Table 1 Comparison of mechanical properties of PTMCs and
Ti-6Al-4V alloy.1,2
Types PTMCs Ti-6Al-4V
Tensile strength (MPa) 825 950
Elastic strength (MPa) 972 1102
Elongation rate (%) 0.55 14
Elasticity modulus (GPa) 132.92 113
Poisson’s ratio 0.34 0.34
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well compatible with the titanium matrix.
Despite the advantage of the titanium matrix composites,
full implementation of TMCs is cost prohibitive, which is
mainly owing to their poor machinability. High hardness of
the reinforcements, high strength and low thermal conductivity
of Ti-6Al-4V alloy matrix cause severe tool wear. In particular,
the surface defects and high roughness values may always arise
due to different mechanical properties of the matrix and the
reinforcements during machining TMCs.
Grinding with abrasive wheels is regarded as an effective
method to machine TMCs because the ductile removal of the
reinforced particles and good surface quality could be
achieved. However, little investigation on the grinding behav-
ior of the TMCs has been reported. Therefore, the mechanism
of the grinding behavior and the ground surface formation
could not be determined clearly, which has limited the
improvement of the high efﬁciency and precision grinding
technology of the TMCs.
Similar problem have been analyzed deeply and reported
broadly for the aluminum matrix composites in the past dec-
ades.4–6 Some effective measures were accordingly put forward
in order to improve the grindability and control the surface
integrity. For example, Yao et al. investigated experimentally
the mill-grinding process of SiC particle reinforced aluminum
matrix composites from the view point of materials removal
rate, while Li et al. studied it in terms of the surface rough-
ness.4,5 Kwak and Kim developed the models for predicting
the grinding force and the surface roughness of the aluminum
matrix composites reinforced with SiC particles.6 Zhong and
Hung found that the ductile streaks was formed on the
Al2O3 particles and the SiC particles during grinding the alu-
minum matrix composites using a 3000-grit diamond wheel
with depths of cut of 1.0 and 0.5 lm. Under such condition,
the ground surface was obtained with almost no subsurface
damage.7 All the above studies could provide a guidance for
investigating the grinding behavior of the titanium matrix
composites.
The purpose of this paper is to evaluate the grinding perfor-
mance of (TiCp + TiBw)/Ti-6Al-4V in situ titanium matrix
composites (PTMCs). Correlative analysis is carried out in
terms of grinding force and force ratios, speciﬁc grinding
energy, grinding temperature, surface roughness and surface
appearance.2. Experimental materials and details
2.1. Experimental materials
The workpiece material (PTMCs), which is produced in the
State Key Laboratory of Metal Matrix Composites of China,
consists of the Ti-6Al-4V alloy matrix and the hard reinforce-
ments, i.e. TiC particles, TiB whiskers. During fabricating
(TiCp + TiBw)/Ti-6Al-4V in situ titanium matrix composites,
the powder metallurgy approach was generally adopted with
different starting powder mixtures, i.e., large Ti-6Al-4V pow-
ders, ﬁne TiB2 powders and graphite powders. The reinforce-
ments of TiC particles and TiB whiskers are in-situ formed
and distributed in the Ti-6Al-4V matrix by virtue of the chem-
ical reaction between Ti and C, Ti and TiB2, respectively in the
high-temperature sintering process.1 The volume percentage ofthe reinforcements is 10%. It is observed from Fig. 1 that
many reinforcements are distributed in the Ti-6Al-4V alloy
matrix. Obviously, the interface between the matrix and the
reinforcements are compact. The size of the granular TiC
phases is in the range of 1.5–10.0 lm, while the length of the
needle-like TiB phases is 35–50 lm.
The size of the PTMCs samples for the grinding experi-
ments is 30 mm in length and 5 mm in width. Ti-6Al-4V
alloy samples that are regarded as the typical difﬁcult-
to-cut material are also utilized as a comparison in the cur-
rent grinding experiments. The comparison of the mechanical
properties of PTMCs and Ti-6Al-4V alloy is presented in
Table 1.
2.2. Experimental details
Grinding experiments were carried out on a precise horizontal
spindle grinding machine modeled HZ-Y150. The experimen-
tal conditions for grinding tests are listed in Table 2. Fig. 2
illustrates schematically the experimental setup for grinding
PTMCs and Ti-6Al-4V alloy, which was similar to those
reported in the previous literature.8 The workpiece consists
of two blades clamped together with a constantan of
0.02 mm diameter sandwiched between the two blades to form
a semi-natural thermocouple junction with the ground work-
piece surface.
A vitriﬁed CBN abrasive wheel was employed. The grain
size was 80/100 mesh. The external diameter of the wheel is
£50 mm and the thickness is 12 mm. Prior to the grinding test,
the abrasive wheel was prepared in the balancing, truing and
dressing processes.9 In particular, the wheel was dressed using
a single-point diamond tool and the cumulative dressing depth
Table 2 Conditions for grinding tests.
Type Content
Grinding mode Up-grinding
Wheel speed (m/s) 23
Workpiece speed (m/min) 3, 6, 9, 12
Depth of cut (mm) 0.005, 0.010, 0.015, 0.020
Cooling ﬂuid Water-based emulsion
1336 W. Ding et al.is 50 lm. The grinding experiments were performed with
water-based emulsion cooling.
Considering that the change of the peripheral wheel speed,
i.e. 18–30 m/s, does not have much inﬂuence on the grinding
results in the conventional grinding process, the wheel speed
vs was kept at 23 m/s for all the grinding experiments in the
present investigation. The depth of cut ap varied between
0.005 and 0.020 mm. The workpiece speed vw was controlled
between 3 and 12 m/min.
The grinding force and grinding temperature of PTMCs
samples and Ti-6Al-4V alloy counterparts were measured
and recorded simultaneously. The grinding force was
measured with a Kistler 9272 dynamometer and charge ampli-
ﬁers (5070A), while the grinding temperature was measuredFig. 2 Illustration of experiment
Fig. 3 Effects of grinding parameteusing a thermocouple technique, as illustrated in Fig. 2. The
Ra value of surface roughness of the ground PTMCs samples
corresponding to each grinding parameter was measured using
Mahr M1 surface roughness tester. The ground surface
appearance of PTMCs samples was examined using scanning
electron microscopy (SEM) modeled Hitachi S3400.
3. Experimental results and discussion
3.1. Grinding force and force ratios of PTMCs and Ti-6Al-4V
alloy
The grinding force could be applied to analyzing the grinding
properties of different materials. In general, grinding forces are
always divided into normal and tangential components (Fn and
Ft respectively). The normal component affects both the
ground surface roughness and the work hardening, while the
tangential component determines the power consumption,
the heat ﬂux, the grinding stresses, and the surface defects.10,11-
Fig. 3 illustrates the grinding force variations for PTMCs and
Ti-6Al-4V alloy versus grinding parameters at ﬁxed wheel
speed of 23 m/s. Obviously, the grinding forces increase with
an increase in workpiece speed and depth of cut. According
to Fig. 3(a) and (b), the recorded normal grinding forces areal setup for grinding PTMCs.
rs on grinding force components.
Grinding behavior and surface appearance of (TiCp + TiBw)/Ti-6Al-4V titanium matrix composites 1337approximately 11 N for PTMCs and 9 N for Ti-6Al-4V alloy,
respectively, at the workpiece speed of 3 m/min and the depth
of cut of 0.005 mm. At this time, the tangential grinding forces
are about 4 and 6 N for PTMCs and Ti-6Al-4V alloy, respec-
tively. However, when the workpiece speed is increased from 3
to 12 m/min, the normal forces are signiﬁcantly increased by
about 170% and 210% for PTMCs and Ti-6Al-4V alloy,
respectively, as shown in Fig. 3(a). Meanwhile, the tangential
grinding forces are increased by about 220% for PTMCs
and 200% for Ti-6Al-4V alloy, respectively. On the other
hand, seen from Fig. 3(b), when the depth of cut is increased
from 0.005 mm to 0.020 mm, the normal forces are increased
remarkably by 270% and 320% to 41 and 38 N for PTMCs
and Ti-6Al-4V alloy, respectively. The tangential forces are
also increased approximately by 320% and 360% to 17 and
23 N, respectively.
In short, compared to the typical difﬁcult-to-cut material,
i.e. Ti-6Al-4V alloy, the PTMCs have generated much larger
normal grinding forces and slightly smaller tangential grinding
forces in the current experimental investigation. This phenom-
enon can be explained to the fact that the elastic recovery ini-
tiated in the grinding region of PTMCs is larger than that of
Ti-6Al-4V alloy under the same condition due to different val-
ues of elasticity modulus.1,2 The elastic recovery has a signiﬁ-
cant inﬂuence on the normal grinding force. Therefore, the
PTMCs have generated much larger normal grinding forces
compared to Ti-6Al-4V alloy.
The force ratio Fn/Ft is tightly correlated with the sharpness
degree of the abrasive wheel, which may be utilized to reﬂect
qualitatively the tool wear behavior during grinding. Large
force ratio always corresponds to low sharpness degree or
severe tool wear. Fig. 4(a) and (b) give the force ratios Fn/Ft
for grinding PTMCs and Ti-6Al-4V alloy versus workpiece
speed and depth of cut, respectively. It is seen from the ﬁgures
that the PTMCs take a larger value in the ratio of force com-
ponents than Ti-6Al-4V alloy. The recorded force ratios for
PTMCs are in the range of 2.2–2.5, regardless of the grinding
parameters. However, a smaller value of force ratios, 1.5–1.8,
is achieved for Ti-6Al-4V alloy. The force ratios obtained
above imply that the CBN abrasive wheel endures more severe
wear during machining PTMCs than that during machining
Ti-6Al-4V alloy.Fig. 4 Effects of grinding paramIn general, the much larger values of the normal grinding
force and force ratios indicate that the PTMCs have poorer
grindability than Ti-6Al-4V alloy.
3.2. Speciﬁc grinding energy of PTMCs and Ti-6Al-4V alloy
The speciﬁc grinding energy is another fundamental parameter
for characterizing the grinding process, which is deﬁned as the
rate of energy consumption divided by the material removal
rate.12 The speciﬁc grinding energy can be obtained from the
relationship:
es ¼ Pm
Qw
¼ Ftvs
vwapb
ð1Þ
where Pm is the net grinding power, Qw the volumetric removal
rate, and b the width of ground zone, i.e., 5 mm in this
investigation.13
Considering the kinematics of the grain-workpiece interac-
tion and the random grain distribution of CBN abrasive wheel,
the maximum underformed chip thickness during grinding is
described as14
ag;max ¼ 4vw
vsNdC
ﬃﬃﬃﬃﬃ
ap
ds
r 1=2
ð2Þ
where C= 4tgh (h is an half of the angle of grain tip) is a con-
stant, and ds is the diameter of the abrasive wheel. Nd is the
active cutting point density, which is obtained by calculating
the number of grain particles that have signiﬁcant wear plat-
forms per unit area. In this study, the value of Nd with CBN
abrasive wheel is 8.
The experimental special grinding energy of PTMCs and
Ti-6Al-4V alloy is obtained and plotted against the unde-
formed chip thickness, as demonstrated in Fig. 5. These curves
are based on the grinding parameters and the recorded tangen-
tial force displayed in Fig. 3. Clearly, the speciﬁc grinding
energy of both the PTMCs and Ti-6Al-4V alloy is generally
monotonically decreased with an increase in the undeformed
chip thickness in the present investigation. Furthermore, the
speciﬁc energy value of Ti-6Al-4V alloy is always slightly
higher than that of PTMCs with the same grinding parameters,
which is consistent with the contrastive results of the tangentialeters on grinding force ratios.
Fig. 5 Effect of undeformed chip thickness on speciﬁc grinding
energy.
1338 W. Ding et al.grinding force. Seen from Fig. 5, the speciﬁc grinding energy is
70–105 J/mm3 for Ti-6Al-4V alloy and 50–90 J/mm3 for
PTMCs, respectively.
As is well-known, speciﬁc grinding energy includes energies
consumed in chip formation, plowing, sliding, and elastic
deformation of workpiece.15 Ren et al. have pointed out that
speciﬁc grinding energy mainly depends on the properties of
the workpiece material, particularly physical–mechanical
properties under the same grinding condition.14 For Ti-6Al-
4V alloy, the complete ductile-mode removal of the ground
material always requires large speciﬁc grinding energy. How-
ever, grinding of PTMCs involves not only the ductile ﬂow
of the Ti-6Al-4V alloy matrix but also the brittle fracture of
the reinforcements when the CBN grains in the rotating abra-
sive wheel surface cut into the workpiece. In particular, only
small quantity of energy is required when brittle fracture takes
place during grinding. Malkin et al. have reported that in some
cases speciﬁc grinding energy may range from about 20–40 J/
mm3 during grinding brittle material, such as silicon nitride
ceramics.16 In fact, brittle fracture of the reinforcements, i.e.
TiC particles and TiB whiskers, is unavoidable during grinding
PTMCs, which has been found in the subsequent observation
of the ground surface. Consequently, based on the material
characteristics of PTMCs and the induced combined action
of the ductile alloy matrix and the brittle reinforcements, it isFig. 6 Effects of grinding parameasy to understand that why the special grinding energy of
PTMCs is slightly smaller than that of Ti-6Al-4V alloy.
3.3. Grinding temperature of PTMCs and Ti-6Al-4V alloy
The inﬂuence of the workpiece speed and the depth of cut on
the grinding temperature is displayed in Fig. 6. In general, the
increase in the workpiece speed and the depth of cut results in
an increase in the grinding temperature for both the PTMCs
and Ti-6Al-4V alloy. According to Fig. 3, larger workpiece
speed and depth of cut bring out larger tangential grinding
force. Consequently, more heat ﬂux is formed and transformed
into the ground material. Higher grinding temperature is
accordingly obtained, as shown in Fig. 6(a) and (b),
respectively.
In the grinding process, a large amount of energies are gen-
erated at the interface between the wheel and workpiece due to
frictional heating and localized plastic deformation during
grinding.12 This generation of the energy leads to the signiﬁ-
cant increase at the temperature at the grinding area. In partic-
ular, it is also found that the grinding temperature of PTMCs
is always lower than that of Ti-6Al-4V alloy with the same
operating parameters, which is correlated with the speciﬁc
grinding energy in the present investigation, as displayed in
Fig. 5. When the workpiece speed is 3 m/min and the depth
of cut is 0.005 mm, the experimental grinding temperature is
70 C for PTMCs and 80 C for Ti-6Al-4V alloy, respectively.
However, when the workpiece speed is increased from 3 to
12 m/min, the grinding temperature is increased to 320 C
for PTMCs and 450 C for Ti-6Al-4V alloy, respectively, as
shown in Fig. 6(a). Moreover, when the depth of cut is
increased from 0.005 to 0.020 mm, the grinding temperature
is increased to 480 C for PTMCs and 680 C for Ti-6Al-4V
alloy, respectively, as shown in Fig. 6(b).
3.4. Surface roughness of PTMCs
It is well-known that the surface roughness of a ground com-
ponent is important for fatigue endurance and corrosion resis-
tance.17 In the present investigation, four measurements of
surface roughness were carried out for each sample after the
grinding experiments. The average roughness values and the
corresponding value scales were obtained. Fig. 7(a) and (b)eters on grinding temperature.
Fig. 7 Effect of grinding parameters on surface roughness for PTMCs.
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roughness in terms of Ra for PTMCs samples. Obviously,
when the depth of cut is ﬁxed at 0.005 mm, the mean rough-
ness value of the ground surface is always kept in a rather nar-
row scale, i.e. 0.7–0.8 lm, irrespective of the workpiece speed,
as shown in Fig. 7(a). On the contrary, seen from Fig. 7(b),
when the workpiece speed is ﬁxed at 12 m/min, the produced
roughness value is increased from 0.7 to 1.6 lm with an
increase in the depth of cut from 0.005 to 0.020 mm. Accord-
ingly, it follows that compared to the workpiece speed, depthFig. 8 Ground surface appearance and EDS microanalysis obtaineof cut contributes much to obtaining the ﬁnished surface dur-
ing grinding PTMCs using CBN abrasive wheel. Therefore,
low depth of cut and high workpiece speed are recommended
in order to achieve precision surface for PTMCs during
grinding.
3.5. Ground surface appearance of PTMCs
The typical SEM images of the PTMCs surface appearance
corresponding to each grinding condition are shown ind at workpiece speed of 9 m/min and depth of cut of 0.005 mm.
1340 W. Ding et al.Figs. 8–10. The grinding direction is also displayed in these
images. It is observed from these pictures that the appearance
feature of the ground surface is consistent with the roughness
values illustrated in Fig. 7. For example, when the depth of cut
is ﬁxed at 0.005 mm, the similar ground surface with the
approximate roughness of Ra = 0.8 lm is produced in both
cases of workpiece speed of 9 and 12 m/min, respectively, asFig. 9 Ground surface appearance obtained at workpie
Fig. 11 Broken reinforcing particle
Fig. 10 Ground surface obtained appearance at workpishown in Figs. 8 and 9(a). However, when the workpiece speed
is ﬁxed at 12 m/min, the ground surface produced at depth of
cut of 0.005 mm is signiﬁcantly different from that done at
depth of cut of 0.020 mm, as indicated by Figs. 9 and 10(a).
A common problem in grinding metallic matrix compos-
ites is the formation of microcracks on the machined sur-
face.18 In the conventional grinding process of PTMCs,ce speed of 12 m/min and depth of cut of 0.005 mm.
s on ground surface of PTMCs.
ece speed of 12 m/min and depth of cut of 0.020 mm.
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reinforcements with the increase in dislocation density and
stress around the reinforcements. Some of those microcracks
would extend into the Ti-6Al-4V metal matrix and hence the
microcracks were presented on the machined surface. In
order to produce precision surface, ductile mode grinding
of the hard reinforcements is always expected in the
machined surface.7
Figs. 8–10(b) are the magniﬁed images of the typical
appearance of the ground surface shown in Figs. 8–10(a),
respectively. Fig. 8(c) shows the energy-dispersive spectrome-
try (EDS) result of the testing point in Fig. 8(b). The reinforc-
ing particles containing Ti and C are therefore identiﬁed to a
certain extent. At the same time, it is known that the alloy ele-
ments of the matrix, i.e. Ti, Al and V, always exist around the
TiC particle. The EDS microanalysis result of the reinforcing
particles in Fig. 9(b) is similar to that in Fig. 8(b). In addition,
the cutting or abrasion grooves parallel to the direction of
grinding velocity were observed on the top surface of the rein-
forcing TiC particles or TiB whiskers (Figs. 8 and 9(a)), which
indicates that these reinforcements have been removed in a
ductile mode. Meanwhile, some reinforcing particles or whis-
kers were partially detached from the machined surface during
the grinding process. Under such condition, not only the voids
initiate around the hard reinforcements, but also some rein-
forcing particles and whiskers become fractured. However,
few cavities have been left on the ground surface, which is sig-
niﬁcantly different from the pullout behavior of the reinforcing
particles in the SiCp/Al.19 The reason lies in that the reinforc-
ing particles or whiskers are not added but in-situ formed
within the PTMCs, which enhances the embedding force of
the alloy matrix to the reinforcements. The removal behavior
of Ti-6Al-4V alloy matrix material by means of chips is obvi-
ous during grinding, as displayed in Fig. 8(a). Seen from
Fig. 10(b), some holes have been formed in the machined sur-
face. In addition, it is found that some titanium alloy layers
have been covered on the reinforcements. The reasons are as
follows: (1) The machined surface was covered by residual
chips that were not excluded completely in molten state during
grinding. (2) The molten Ti-6Al-4V alloy matrix material due
to high temperature instantaneously was redistributed and
cooled on the machined surface.20
The removal behavior of the ground PTMCs is rather com-
plicated because it contains Ti-6Al-4V alloy matrix and the
reinforcements, i.e. TiB whiskers, TiC particles. Hung et al.
has pointed out that the ductile-mode grinding of the hard
reinforcements is mainly affected by the crystal orientation
of the reinforcing particles or whiskers as well as the physical
and mechanical properties.7 The grinding direction relative to
the reinforcement orientation contributed to different removal
mechanisms. For example, some reinforcing particles or whis-
kers are ground and then removed in the ductile-mode machin-
ing owing to the favorable orientation of the reinforcement
with respect to the CBN grain of the abrasive wheel, as shown
in Figs. 8 and 9(a). However, for the (TiCp + TiBw)/Ti-6Al-4V
composites,1 the in situ formed reinforcements, i.e. TiC parti-
cles and TiB whiskers, always have random shapes and orien-
tations. As a consequence, seen from Fig. 11, the fractured or
crushed reinforcement with the unfavorable orientation is also
presented due to the drastic cutting behavior during grinding
PTMCs.Until now, there is no theoretic analysis reported based
on analytical mechanics for the grinding of metallic matrix
composites, i.e. PTMCs. In the subsequent work, it is essen-
tial to discuss the grinding model of PTMCs from the view-
point of the statistics. For example, an analysis should be
carried out on the distribution characteristics of the rein-
forcement size and orientation within the (TiCp + TiBw)/
Ti-6Al-4V in situ composites. Under such condition, the
optimum scale of the operating parameters could be deter-
mined for the grinding process. The precision machined sur-
face is therefore obtained.
4. Conclusions
(1) Compared to Ti-6Al-4V alloy, though the tangential
grinding force Ft of PTMCs is slightly smaller, the nor-
mal grinding force Fn and the force ratios Fn/Ft of
PTMCs are much larger, which indicates the huge difﬁ-
culty and severe tool wear during grinding PTMCs.
(2) Low depth of cut and high workpiece speed are beneﬁ-
cial to obtaining the precision surface of PTMCs in
the conventional grinding process.
(3) Large quantities of brittle reinforcements in PTMCs are
ground by means of the ductile removal mode. However,
it is difﬁcult to avoid completely the brittle fracture
behavior of the reinforcements with unfavorable orien-
tation. Furthermore, the brittle-mode removal of the
reinforcements could contribute to the slightly lower
speciﬁc grinding energy and the grinding temperature
of PTMCs than that of Ti-6Al-4V alloy.
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